This study assesses a 60 km NNE-SSW transect along the San Gabriel River for shallow shear velocities, in San Gabriel Valley and the Los Angeles Basin of southern California. We assessed a total of 214 sites, 199 
at distances greater than 700 m. The unprecedented number of shear-velocity measurements we have made suggests that large measurement populations may be necessary to properly characterize V s 30 trends within any surficial geological unit.
Introduction
We evaluate a 60-km-long transect for shallow shear velocities along the San Gabriel River, southern California (Fig. 1) . The experiment, completed in July 2003, was designed to collect a very large number of site assessments and evaluate the spatial variability of the earthquake shaking hazard, as well as any velocity correlations to mapped geological and soil
units. Shaking hazard is defined in relation to shear velocity by the National Earthquake Hazards
Reduction Program (NEHRP) classification. This study was inspired by the transect of Scott et al. (2004) across the Reno, Nevada urban basin, in which 55 shear-velocity profiles were collected using the same methods and procedures as this study. They found that 82% of their measurements were significantly higher than values predicted from geologic maps and regional hazard assessments (for example, as by Wills et al., 2000, for California) .
Background -Shallow shear-wave velocity has proved to be an important indicator of surficial horizontal acceleration and amplification produced in varying geologic units by strong ground motions produced by earthquakes (Tinsley and Fumal, 1985; Borcherdt et al., 1991; BSSC, 1998) . The vertically averaged 30-meter shear velocity (V s 30 ) is used to determine a NEHRP soil hazard classification for earthquake shaking as outlined by the NEHRP-UBC provisions (BSSC, 1998) . The most common technique for obtaining V s 30 measurements is through borehole surveys. However, the high cost of these measurements has driven the search for alternative methods of estimating V s 30 values for NEHRP-UBC code compliance. Louie (2001) developed the Refraction Microtremor (ReMi) technique as such an alternative. In this method, microtremor noise from sources such as traffic on streets and freeways excites Rayleigh waves, which are recorded by a linear array of vertical refraction geophones. The resulting noise records are transformed into frequency (f) -slowness (p=1/v) space (p-f space) as suggested by McMechan and Yedlin (1981) , and a dispersion curve is picked by an analyst. Forward modeling of the fundamental-mode Rayleigh wave dispersion curve produces a depth vs. velocity sounding, which can be vertically averaged to a single V s 30 value required by the NEHRP-UBC code.
The ReMi method is similar to three other surface-wave measurement techniques, the microtremor-array (e.g., SPAC), the spectral analysis of surface waves (SASW), and the multichannel analysis of surface waves (MASW) techniques (Louie, 2001) . Brown et al. (2002) compared SASW measurements to borehole measurements at 10 strong-motion sites in the Los Angeles area. In 7 out of 10 cases, the SASW method produced the same NEHRP classification as the borehole method. In the other three cases, the borehole method produced a V s 30 only 5-13 m/s above a NEHRP classification boundary. In all cases, the differences in predicted ground motion amplifications between the SASW method and the borehole method was less than 15% at most frequencies (Brown et al., 2002) .
Y. Liu et al. (2004) Liu et al. (2000) compared the microtremor-array method to two borehole shear-velocity profiles in Southern California. In one case the two methods agreed to within 11%. In the other case, the two methods agreed to within 20%.
The ReMi method was initially introduced and tested by Louie (2001) . Dispersion-curve picks derived from the ReMi method were compared against results of a microtremor accelerometer array installed by Iwata et al. (1998) , and the dispersion curves were comparable between 1.8 and 7 Hz. Louie (2001) (Fig. 1) . Wills et al. (2000) used seven categories, based on NEHRP classes, to group geologic units.
Methods
The route for our transect was selected based on ease of access, ample "microtremor" noise and route continuity (Fig. 1) . Along the 60 km transect, rolled arrays of IRIS/PASSCAL "Texan" single-channel recorders were deployed, each mated to a single 4.5-Hz verticalcomponent geophone. Our configuration optimizes the recording of Rayleigh waves at about 3
Hz (Satoh et al., 2001 ).
Linear arrays of 30 channels at a spacing of 20 m (580 m total array length) were installed for 30 minutes recording time, the same procedure used by Scott et al. (2004) for a transect in Reno, Nevada. The geophones were oriented with a bullseye level to within 10° of vertical at each channel, and recorded dominantly microtremor noise generated from heavy traffic on Interstate 605 and nearby surface streets. Employing four teams of 3 students enabled each array segment of the transect to be installed in a "chaining" fashion. To assess the spatial continuity of measured shear-velocity values, eight arrays were placed laterally to the transect, as much as 5 km away. Data collection along the complete transect with 107 array placements was completed in 4.5 days.
For our analysis, each array was divided into two 285-m segments (15 channels). Data reduction was completed using Optim's SeisOpt ® ReMi ™ package, developed as part of the study 7 by Louie (2001) . This analysis produces a velocity-spectral image for each 300-m array, from which we picked a Rayleigh-wave fundamental-mode phase-velocity dispersion curve. Each curve is forward modeled to obtain a shear-velocity versus depth sounding. Each sounding was averaged to a 30-m shear velocity (V s   30 ), a standard used in estimating the amplification of ground motions at a given site (Borcherdt et al., 1991; BSSC, 1998) .
Sources of error-One potential source of error in the analysis lies in our forward modeling. To minimize modeling bias in the results, three separate analysts worked on the data from the San Gabriel River transect. Each worker modeled every third sub-array throughout the length of the transect. In this way, any modeling bias of a particular worker would not characterize the results over a particular stretch of transect, especially if a certain section was geologically prone to differences in interpretation. To estimate the error introduced by forward modeling, independent modelers reanalyzed data sets from three randomly selected sites along the line ( Louie (2001) .
Inspection of the modeled shear-velocity versus depth soundings shows very little difference between the on-levee and the off-levee measurements.
Results
The 199 modeled shear-velocity profiles along the transect have been projected for their respective intervals onto a vertical cross section that extends to 200 m depth below the surface trace of the transect (Fig. 2) . The location of interval midpoints on the surface is based on the line distance from the first recording geophone at the mouth of San Gabriel Canyon in Azusa.
Note that a "dog leg" through the Santa Fe Dam catchment area near Azusa diverts the line in a direction transverse to the San Gabriel River and results in a relatively high density of data points over the corresponding longitudinal interval of river course (Fig. 1) . Likewise, the Wills et al. (2000) , in Figures 4, 5, and 6 , respectively. Refer to Tables 2 and 3 , respectively, for descriptions of each of the geologic and soil units.
Discussion
Velocity section-Shear-velocity trends in the velocity cross-section ( Fig. 2 ) are consistent with velocities predictable from basic sedimentological concepts of river energy and river gradient (Tarbuck and Lutgens, 1996) . For example, near the mouth of San Gabriel River's stream energy decreases, losing its ability to carry coarser-grained material.
Comparison with Wills et al. (2000) predictions-In order to facilitate the discussion of our results, we compare our V s 30 results to the predictions of Wills et al. (2000) in Figure 3 and Comparison to borehole data sets-Borehole data sets measured by Gibbs et al. (2000) and Gibbs et al. (2001) include sites near our transect. A community data set assembled by Wills and Silva (1998) and by Wills et al. (2000;  with later updates from C. Wills, pers. comm., 2005) cover the Los Angeles and San Gabriel Valley basins. In these data sets, 4 boreholes were present within 1 km of our transect. Gibbs et al. (2000) and twelve from Gibbs et al. (2001) , added to 243 sites from a data set compiled by Wills and Silva (1998 ) and updated to April 2005 (C. Wills, pers. comm., 2005 (Louie, 2001 Gibbs et al. (2000) . Table 4 where our measurements did not agree with the NEHRP classification of a nearby borehole is detailed in Figure 8 . This figure shows that our closest (Fig. 7c) . (Fig. 3) . At that location, the V s 30 measurements were made in inactive older alluvium having a well developed soil, on a terrace probably tectonically elevated above the modern riverbed. We attribute this heterogeneity observed near the range front to abrupt facies changes within the surficial deposits and abrupt lateral changes in deposit ages and burial histories (and hence (Tarbuck and Lutgens, 1996) . This observation is quantified by the scattergram in Figure 9 .
The one case in

Measurements away from the River channel-
We computed a smoothed elevation gradient along the transect by matching our GPS horizontal locations of ReMi array endpoints with elevations from USGS 30-m digital elevation models. Then we smoothed the elevations with a 1.2-km-wide centered moving window (including 5 array centers) before computing the gradient.
Our smoothed gradient is an approximation of the river's original gradient. The river is now bounded by an engineered levee, and the modified channel is interrupted by hundreds of weirs up to 3 m high. The excavated, relatively flat Santa Fe Dam catchment area in the upper
reaches of the river (Fig. 1) (Fig. 4) . In many cases, variations within units are larger than the differences in average V s 30 observed between different units (Fig. 4) . Wills et al. (2000) shown in Figure 6 . However, the differences among the V s 30 averages we assessed for the geologic units on Figure 4 are much smaller than the differences among unit averages on Figure 6 .
Variability and standard deviation of V s 30 tend to increase as the number of measurements of a unit increases. The variances are similar to those we measured on the CD and D classes of
It is worthy of note that in designating surficial units, Quaternary mappers may "lump" several sedimentary deposit types. Such characterizations may be based upon surface and morphologic expression in aerial photographs rather than deposit texture, lithification, or thickness. Hence mapped units may be poor predictors of the elastic properties of the units for depths exceeding several meters. In addition, the criteria for unit designations are somewhat subjective and may vary from worker to worker. Wills et al. (2000) (Fig. 4) . Wills et al. (2000) Because the entire length of the line follows the course of the San Gabriel River, the measurements were predominantly taken on soil types 3 and 4 ( Fig. 5) measurements throughout the northern half of the transect are higher than those predicted by Wills et al. (2000) . We infer that the most recent, active alluvium is coarser grained, better graded, and thus stiffer than less active parts of the sequence.
Spatial statistics-To further examine the relationship between our measured V s 30 values and the mapped geologic units, the fractal dimension of the spatial variation of V s 30 in Figure 3 was calculated. The power spectrum and fractal dimension, when applied to seismic data, can be related to correlation lengths of lithologic variation (Mela and Louie, 2001) . We derive the fractal dimension of transect V s 30 s from the spatial power spectrum of the transect's V s 30 spatial curve (Fig. 3) . The transect V s 30 power spectrum (Fig. 10) (Fig. 4) .
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Deleted: was derived for each 25% of the population, 50% of the population and 100% of the population. The partitioning of the data was based on measurement location, i.e., one of the 25% portions was from the southernmost 25% of the transect, another 25% portion was from the northernmost 25% of the transect, etc. Next, the V s 30 data for these units were randomized in location and evaluated against the spatially sorted data. In all cases, the maximum variability occurs at 25% of the population, suggesting a high degree of spatial dependence of the final shear-velocity values.
In geologic unit Qwa and soil unit 4, the randomly sorted data show much the same behavior as the spatially sorted data, with less variation. In our two highest populations, the soil variability between sections partitioned from different locations along the transect is much higher than the geologic or soil variability. In both cases, our 100% completeness average is an entirely different NEHRP classification than the lowest-velocity 25% and 50% completeness averages.
The subsampled standard deviation of soil unit 4 increases at nearly all completeness values, due to the inadequacy of soil type as a V s 30 indicator. This is intuitively opposite to the behavior of geologically related data, where standard deviations decrease with increasing population. The randomly sorted data show behavior that is much more indicative of geologically related data. For geological unit Qwa, the standard deviations increase with increasing completeness in 3 out of 4 cases. The randomly sorted data show the same behavior as the spatially sorted data. Further investigations are needed to explore the cause of these behaviors. The magnitudes of the increases in standard deviation are much higher for the soil unit than for the geologic unit, suggesting that the geologic unit may be a better indicator of V s
30
.
Conclusions
This study has measured shear-velocity profiles at more than 200 individual sites along a 60 km transect from San Gabriel Canyon south to Seal Beach. Liu, Y., Luke, B., Pullammanappallil, S., Louie, J., and Bay, J., 2005 Figure 4 . Table 3 : Key for soil map units numbered in Figure 5 . Wills and Silva (1998) , and including Gibbs et al. (2000) , Gibbs et al. (2001) , with further updates to April 2005 (C. Wills, pers. comm., 2005) . See Table 2 , by label. Populations are also shown. Consult Table 3 for a description of soil units, by number. Wills and Silva (1998) , Gibbs et al. (2000; ), and updated to April 2005 (C. Wills, pers. comm., 2005 
